Key points
• Epistasis between the haptoglobin common variants and α + thalassemia predicts the risk of severe malaria in Kenyan children
• Epistasis may explain apparent differences in malaria association studies and varying gene frequencies for α
+ thalassemia and haptoglobin
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INTRODUCTION
Severe malaria ranks third among infectious causes of childhood death worldwide. 1 Cell-free hemoglobin (Hb), released following intravascular hemolysis is highly toxic and may contribute to the pathogenesis of severe malaria by increasing inflammation, vasoconstriction and oxidant damage and by promoting adhesion of parasite-infected red blood cells to molecules such as ICAM-1. 2, 3 Haptoglobin (Hp) is an acute-phase plasma protein that binds rapidly and irreversibly with cell-free hemoglobin and the resultant Hp-Hb complexes are cleared via CD163 receptors on monocytes and tissue macrophages. 4, 5 Hp exists in three common variants in humans, the Hp1-1 dimer, the Hp2-1 linear polymer and the large Hp2-2 circular multimer. 4 Hb binding to the various Hp proteins may vary, as seen in the Hp2-2-Hb complex, which has an unstable heme moiety and is itself redox active. 6 Moreover, the Hp2-2 type is associated with Hb-mediated oxidant damage, [6] [7] [8] [9] inflammation, 10 endothelial cell dysfunction 11,12 and vasospasm following hemorrhage. 
METHODS

Study population
The study was conducted in Kilifi district on the coast of Kenya, where the majority of the population are rural dwellers of the Mijikenda ethno-linguistic group. The clinical characteristics and epidemiology of malaria in the study area have been described in detail previously. 30, 31 Case patients were children (<14 yrs of age) who were residents of the study area served by the Kilifi Health and Demographic
Surveillance System 32 and who were admitted to the High Dependency Unit at Kilifi District Hospital between 7 th January 2001 and 6 th January 2010 with severe malaria.
Severe malaria was defined as a positive blood film for P. falciparum parasites in association with one or more of the following: prostration (Blantyre Coma Score (BCS) 3-4), coma (BCS ≤ 2), or respiratory distress (intercostal recession or deep or laboured breathing). 30 Children with uncomplicated severe malarial anemia (i.e. Hb <5g/dl, but with no signs of respiratory distress, prostration or any other complications) are not routinely admitted to our High Dependency Unit and were not included in our study, since uncomplicated severe malarial anemia (SMA), when treated with transfusion, does not require intensive supportive care and is associated with a mortality of <1%. 30 All case patients were treated according to standard guidelines as described in detail previously. 33 The collection of case samples is summarized in Figure 1 .
Controls were children born within the same study area as cases between August 14 th 2006 and August 20th 2010, and were sampled as part of a cohort study of genetic susceptibility to infectious diseases during home visits at 3-11 months of age.
34
Individual written informed consent was provided by all study participants or their 
Laboratory methods
Routine hematologic, biochemical and malaria parasite data were collected for all case children using standard methods as described previously. 33 
RESULTS
Characteristics of severe malaria patients
Our study included 996 case patients with severe malaria and 1220 controls. The median age of patients was 27.2 months (range, 0-147), 49.8% were male, and 97.2% were of the Mijikenda ethnic group. The characteristics of case patients, stratified by Hp genotype, are summarised in Table 1 . Overall, the geometric mean P. falciparum parasite density and hemoglobin concentrations were 57,435/μl (95% CI 49,405-66,770) and 6.6 g/dL (95% CI 6.5-6.8) respectively while the proportions of severe malaria patients with HbAS, -α/αα thalassemia, -α/-α thalassemia and Hp-61C were 2.2%, 48.3%, 11.8% and 20.2% respectively. The demographic characteristics of severe malaria patients did not vary according to Hp genotype (Table 1) . Cerebral malaria was diagnosed in 528 children (53.1%), severe anemia in 224 children (22.6%), and 104 children (10.5%) had both cerebral malaria and severe anemia. Other non-exclusive categorizations of severe malaria, stratified by Hp genotype, are summarised in Table 2 . Ninety-four severe malaria patients (9.4%) died.
Haptoglobin genotype and risk of severe malaria
Hp genotype was associated with risk of severe malaria by ANOVA (P=0.01 before and after adjustment for gender, ethnicity, Hb type (HbAS) and α + thalassemia genotype). We therefore used logistic regression models to determine which of the three two-way comparisons between Hp genotypes accounted for this statistically significant variation in risk (Table 3 ).
Hp2-2 was associated with greatest risk and Hp2-1 with least risk of severe malaria. Odds ratios were significantly raised in the Hp2-2 genotype compared to the Hp2-1 genotype for all categories of severe malaria except for symptomatic SMA in which there was a non-significantly increased risk (P=0.10, Table 3 ). Hp2-2 was also associated with a marginally significant increased OR for death compared to Hp1-1.
Compared to children of the Hp2-1 genotype, those of the Hp1-1 genotype were at significantly increased risk of deep breathing and metabolic acidosis (Table 3) .
Parasite densities did not differ significantly between the Hp genotypes.
Hp A-61C promoter polymorphism
In order to investigate the effect of Hp concentration on the risk of severe malaria we typed the Hp A-61C promoter SNP, which is known to be associated with very low Table 4 illustrating the effect of α + thalassemia in modifying risk associated with Hp genotype.
Meta-analysis
In addition to our current study we identified two eligible additional studies relating to We did not find an interaction between the common Hp variants and the -61C allele or any influence of the -61C allele on the risk of severe malaria. It might be expected that low Hp concentrations associated with the -61C allele 25, 26 would expose children to the deleterious effects of cell-free Hb and therefore predispose such children to severe malaria. 2 However, in our previous study of children with uncomplicated malaria, although the -61C allele was associated with reduced Hp concentrations during convalescence when malaria parasites had been cleared, it had no influence on
Hp concentration at the time of a malaria episode. 21 Hp is up-regulated during the acute phase response and this may counter the reduced transcription that might result from the -61C allele outside the acute phase response. Alternatively, it is also possible that the structure or function of the common Hp variants may be more clinically relevant than their concentrations. Our finding differs from that made in our earlier study conducted in The Gambia, in which a reduced incidence of uncomplicated malaria was found only in children >3 years of age carrying the -61C allele. 21 Since this protection was only seen in older children, we proposed that an immune mediated mechanism, possibly mediated by low Hp concentration, oxidative damage to the red cell membrane and accelerated acquisition of aggregated band 3 proteins or by other immune modulation might have been involved. 21 In the current study the majority of children were <3 years of age and as such will have had less time to acquire immunity. The patient mix was also different between the studies. Children in the current study had severe life-threatening malaria requiring high dependency care in hospital while the previous study involved children in the community with a mild febrile episode associated with malaria parasites on blood film. Moreover, although
Hp concentration at convalescence might influence acquisition of immunity following uncomplicated malaria, Hp concentration at the time of malaria may be more 1 8
critically important in severe malaria. It also seems possible that the apparently conflicting findings between these two studies could be explained by a range of other genetic, ethnic or environmental differences between the children involved. We also previously reported a lower incidence of uncomplicated clinical malaria in older children (>4 years) carrying the Hp2-2 genotype, postulating that this might be mediated by oxidative damage to the red cell membrane and accelerated acquisition of antibodies to aggregated band 3 proteins. 20 Similarly, in the current study, the majority of children were <4 years old and thus would have had less time to acquire immunity.
In summary, this large case control study and meta-analysis suggest that the common For 
